to its severe side effects [2] . However, until now, the only approved treatments are avoidance of the allergenic food and administration of emergency medications on accidental exposure. The newly developed oral immunotherapy showed high efficacy and opened a new age for the treatment of food allergy [3] . Recent landmark research showed that when infants at high risk of developing peanut allergy consume peanuts on a regular basis, their risk can be dramatically reduced [4] . Furthermore, the prevalence of peanut allergy is not increased after a 1-year period of peanut avoidance following peanut consumption in infants at high risk for peanut allergy [5] . These studies have changed the care of children at high risk for peanut allergy. However, both subcutaneous immunotherapy and oral immunotherapy are accompanied by a lack of sustained protection and an increased risk of both systemic reactions and intolerable gastrointestinal symptoms [2] . For severe food allergy, both subcutaneous immunotherapy and oral immunotherapy are very dangerous, as trace amounts of peanut allergen would lead to anaphylaxis. Preclinical studies indicated that allergen applied through epicutaneous immunotherapy to intact skin activates antigen-presenting cells (APCs) in the skin to affect immune responses while avoiding systemic reactions [6] . Recently, epicutaneous immunotherapy, such as the new Viaskin Peanut patch (DBV Technologies, Bagneux, France) showed promising results in a phase I study [7] .
The allergen gene vaccination can modulate allergic responses and represents a promising alternative to the protein-based allergen-specific immunotherapy in terms of safety and efficacy as this approach has been shown to be safe and effective in the inhibition of allergen-specific IgE production and suppression of Th2 responses [8] . Allergen genes have been administered as naked plasmid DNA by various routes, including intramuscular or intradermal injection [9] , biolistic transfection via gene gun [10] , or orally as plasmid DNA-polymer complexes [11] . DNA immunization has been shown to be effective in inhibiting the development of antigen-specific IgE production [8, 9, 12] . Early studies demonstrated DNA vaccine encoding allergen through inducing a shift from a Th2-type response towards a Th1-biased response [9, 13, 14] . Recently, several studies demonstrated that DNA vaccine may provide protective and therapeutic effects through inducing Treg cells [15, 16] . Despite the anti-allergy effects observed in mice and other small rodents, DNA vaccines showed relatively low immunogenicity in humans when compared to protein vaccines [17] . Poor immunogenicity becomes the biggest obstacle for DNA vaccine to treat and prevent allergic diseases in humans. Therefore, it is an urgent requirement to find effective DNA delivery strategies to enhance the potency of DNA vaccines.
There are various strategies for modifying the immune efficiency of a DNA vaccine, such as physical methods and modifications by synthesized polymers [18] . We previously produced a recombination protein of ε immunoglobulin heavy chain fused with PLL selectively targeting the allergen gene to human dendritic cells (DCs) [19] . PLL can electrostatically bind the negatively charged DNA and has extensively been used in drug delivery [20] . Since PLL is not only water soluble and biodegradable but can also prevent conjugated DNA from nuclease degradation and increase the transport efficiency of DNA, it has been shown to be an effective gene vector which makes DNA absorption easy, is presented by APCs, and improves the immunogenicity of DNA vaccine. However, PLL-modified food allergen genes, especially peanut allergen gene vaccine, have not been reported.
In the present study, we assessed the prophylactic and therapeutic effects of PLL-pretreated DNA vaccine which encodes the major peanut allergen Ara h 2 and found that PLL-modified DNA vaccine effectively inhibited the development of Ara h 2-induced allergen-specific antibodies and also decreased the level of established allergen-specific antibodies in Ara h 2-sensitized mice. Immunization with PLL-modified DNA vaccine induced enhanced accumulation of CD207+ and Treg cells in the draining lymph nodes (dLNs) and also increased the production of IFN-γ and IL-10 by splenocytes. Thus, our study provided a foundation for further clinical research on the application of DNA vaccine for the treatment of peanut allergy.
Materials and Methods

Mice
Specific pathogen-free, 6-to 8-week-old female BALB/c mice were obtained from a local breeding facility at the Fourth Military Medical University. CD207(langerin)-EGFP mice were purchased from Jackson Laboratory. All mice were maintained under specific pathogen-free and controlled conditions (22 ° C, 55% humidity, and 12-h day/night rhythm). The animal experiments were performed in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals of the University.
Purification of Ara h 2 Plasmid and Preparation of pAra h 2 Vaccine Pretreated with PLL
The plasmid of pAra h 2 was developed previously by our group by inserting the cloned wild-type Ara h 2 gene into the pcDNA3.1 plasmid containing the CMV promoter. The plasmid was confirmed by restriction enzyme digestion analysis with Hind III and 243 Apa I. Large-scale purification of the plasmid pAra h 2 was conducted by using EndoFree Plasmid Maxi kits (Qiagen, USA) according to the manufacturer's instructions. The plasmid was mixed with different proportions of PLL (molecular weight 15,000-30,000; Sigma) in 0.15 M NaCl and was analyzed by electrophoresis. Then, an appropriate concentration of PLL was used for the following experiments.
CPE Preparation
CPEs were prepared according to published protocols [21, 22] . Protein concentrations were determined with the BCA kit (Qiagen) using BSA as the standard.
Mouse Immunization and Challenge
The experimental design to evaluate the prophylactic effect of the vaccine was shown in Figure 2a . Mice were injected intradermally with PLL-pAra h 2 or pAra h 2 vaccine containing 25 μg pAra h 2 DNA for 3 times at weekly intervals, with PBS, PLL, or mock DNA as control. The mice were then intraperitoneally injected with a mixture of 2.5 μg purified Ara h 2 protein (Indoor Biotechnologies, Charlottesville, VA, USA) and 1 mg aluminum hydroxide gelatin (Sigma) in a total volume of 100 μl sterile PBS for 3 times. The design to evaluate the therapeutic effects of the DNA vaccine was shown in Figure 3a . Mice were sensitized first by intraperitoneal injection with 2.5 μg purified Ara h 2 protein and 1 mg aluminum hydroxide gelatin, followed by treatment with different formulations of DNA vaccine. Blood was taken at the indicated time points and subjected to allergen-specific antibody analysis. For challenge experiments, the symptoms of anaphylaxis were monitored by measuring the rectal temperature after intraperitoneal injection with 5 mg CPE.
Measurement of Serum Ara h 2-Specific IgG1 or IgG2a and Total IgE
The levels of Ara h 2-specific IgG1, IgG2a, and total IgE were analyzed with enzyme-linked immunosorbent assay (ELISA) as previously described [23] with modifications. To measure Ara h 2-specific IgG1 and IgG2a, ELISA plates (Nunc, Nalgene Nunc International, Roskilde, Denmark) were coated overnight with purified Ara h 2 proteins (2 μg/mL; Indoor Biotechnologies) at 4 ° C overnight. To detect total IgE, purified rat anti-mouse IgE (2 μg/ mL; BD Pharmingen) was used for coating. Following blocking, serum was diluted and incubated at room temperature for 2 h. Subsequently, biotin-conjugated rat anti-mouse IgG1, IgG2a, or IgE (all from BD Pharmingen) were incubated for another 2 h. After extensive washing, horseradish peroxidase-conjugated avidin (Biolegend, San Diego, CA, USA) was added and incubated for 1 h at room temperature. Finally, after extensive washing, TMB (Solarbio Life Science) was added and incubated for 5-20 min, and the reaction was stopped with 1 M H 2 SO 4 . The optical density was measured at 450 nm. The Ig titers were determined by comparing a reference serum with arbitrary titer.
Cell Culture and in vitro Cytokine
Production BALB/c mice were given 3-weekly intradermal injections of PBS, PLL, mock DNA, pAra h 2, PLL-pAra h 2, or Ara h 2. Three days after the last immunization, mouse dLNs and spleen were harvested, and single-cell suspensions were made as previously described [24] . Then splenocytes were stimulated with 5 μg/mL Ara h 2. Supernatants were harvested after 96 h of culture and stored at -80 ° C. Cytokines, including IL-4, IL-5, IL-10, IL-22, and IFN-γ, were determined by ELISA according to manufacturer's instructions (R&D, Minneapolis, MN, USA).
Flow Cytometry
Single-cell suspensions prepared from dLNs were stained with anti-CD11b (clone M1/70; Biolegend) antibodies and subjected to FACSCalibur analysis. 7-AAD (Biolegend) was used to exclude dead cells. The CD4+CD25+Foxp3+ Tregs in the dLNs and spleen were analyzed with a Treg cell detection kit (Biolegend) and analyzed by FACS. The data were analyzed with FlowJo software (Tree Star).
Data Analysis
Data are presented as means ± SD, and statistical analyses were performed using ANOVA with the Tukey multiple-comparison post hoc test or t test. A statistically significant difference was defined as p < 0.05, which was indicated with 1 asterisk, and 2 asterisks indicated that the p value was below 0.01.
Results
Preparation of PLL-Modified pAra h 2 Vaccine and Establishment of Ara h 2-Induced Peanut Allergy
Previously, we tested the idea of PLL-modified DNA vaccine targeting DCs and found that PLL fused with the Fc fragment of IgE (EPL) could bind to DNA [19] and target the IgE receptor expressed on APCs. However, the major hurdle of the strategy of EPL-DNA is that the EPL-DNA complex might crosslink the IgE receptor expressed on mast cells and elicit degranulation. Thus, in the pres- ent study, we just tested the effects of PLL-modified DNA vaccine on peanut allergy. Firstly, we prepared the PLL-DNA complex. The fragment of the plasmid DNA encoding Ara h 2 was confirmed by restriction enzyme digestion ( Fig. 1 a) . To obtain a proper polymerization of PLL-DNA, we screened the extent of polymerization by mixing different doses of PLL with a certain amount of DNA and subsequent analysis by electrophoresis. The optimum amount of PLL was found to be the one which mixed 0.2 μg of PLL with 7 μg pAra h 2 in 0.15 M NaCl solution ( Fig. 1 b; lane 6) . To produce the mouse model of peanut allergy, we injected intraperitoneally purified peanut protein Ara h 2 which was mixed with alum to BALB/c mice for 2 times with a 1-week interval. Three weeks after the last injection, sera from the injected mice were collected and subjected for ELISA analysis. It was found that the levels of Ara h 2-specific IgG1, IgG2a, and total IgE (online suppl. Fig. S1a ; for all online suppl. material, see www.karger.com/doi/10.1159/000453264) were significantly increased in Ara h 2-sensitized mice but not in unsensitized mice. We found that there was almost no total IgE detectable in the mouse serum before Ara h 2 protein sensitization, and the total IgE was well correlated with the antigen-specific IgE antibodies [24] . Thus, we used total IgE, instead of antigen-specific IgE, to monitor the effects of DNA and protein immunization. Then, we challenged the mice by intraperitoneal injection with CPEs and found that systemic anaphylaxis was induced as evidenced by greatly decreased rectal temperature in the following 60 min (online suppl. Fig. S1b ), confirming the peanut protein-mediated allergy in Ara h 2 protein-sensitized mice. 
PLL Modification Improved the Prophylactic Effects of pAra h 2 Vaccine in Peanut Allergy
To evaluate the prophylactic effect of the pAra h 2 vaccine, BALB/c mice were firstly injected intradermally for 3 times with 25 μg pAra h 2 plasmid or 25 μg pAra h 2 DNA premixed with PLL, and then subjected to sensitization with Ara h 2 protein plus alum, according to the prophylactic protocol ( Fig. 2 a) . Two weeks after the last injection with DNA vaccine, there were slightly increased levels of Ara h 2-specific IgG1 and IgG2a, but not IgE, in the sera of mice receiving pAra h 2 or PLL-pAra h 2 immunization ( Fig. 2 b) . After intraperitoneal sensitization with Ara h 2 protein, Ara h 2-specific IgG1, IgG2a, and total IgE in the sera were analyzed at week 10, and the results showed that there were significantly increased levels of Ara h 2-specific IgG1, IgG2a, and total IgE in the control mice pretreated with PBS, PLL, or mock DNA ( Fig. 2 c) ; however, the mice receiving intradermal injections of pAra h 2 or PLL-pAra h 2 showed significantly lower antibody responses, and the PLL-pAra h 2-pretreated mice had even lower levels of Ara h 2-specific antibodies compared to pAra h 2-pretreated mice ( Fig. 2 c) . In the challenge assay, the kinetics of core body temperature reflecting systemic anaphylaxis was monitored after intraperitoneal injection of CPEs, and the results showed that the core body temperature of PLL-pAra h 2 or pAra h 2-pretreated mice did not change significantly after challenge ( Fig. 2 d) . In contrast, the challenge with CPEs markedly decreased the core body temperature in control mice ( Fig. 2 d) . These data demonstrated that pAra h 2 vaccine, especially the PLL-pAra h 2 vaccine, prevented CPE-induced anaphylactic manifestations, confirming the prophylactic effect of the vaccine.
PLL-pAra h 2 Vaccine Had Better Therapeutic Effects than pAra h 2 on Established Peanut Allergy
Next, we set out to investigate whether pAra h 2 vaccine could also have therapeutic effects and whether PLL modification could enhance the effects of pAra h 2. BALB/c mice were firstly sensitized intraperitoneally with Ara h 2 protein plus alum and then injected intradermally with pAra h 2 or PLL-pAra h 2 according to the therapeutic protocol ( Fig. 3 a) . The levels of Ara h 2-specific IgG1, IgG2a, and total IgE were analyzed by ELISA at the indicated time points. All groups of mice showed increased levels of Ara h 2-specific IgG1, IgG2a, and total IgE in week 4 after Ara h 2 protein sensitization (data not shown). After 3 injections with DNA vaccine, the levels of Ara h 2-specific IgG1, IgG2a, and total IgE were significantly decreased in pAra h 2 and PLL-pAra h 2 groups, which were lower than that of control groups (PBS, PLL, or mock DNA), and, in the PLL-pAra h 2 group, the titer of antibodies was even lower than that of the pAra h 2 group ( Fig. 3 b) . Thus, it is suggested that the DNA vaccine, especially PLL-pAra h 2, was able to modulate the established Ara h 2-induced immune responses and showed therapeutic effects on peanut allergy.
PLL-pAra h 2 Vaccination Resulted in Enhanced Migration of CD207+ DCs to dLNs
After injection with DNA vaccine, local cells might take up the DNA, synthesize the protein encoded by the DNA [25] , then express the protein, and present it to APCs. APCs would be stimulated by the antigen and migrate to lymph nodes and present the antigen to T cells, allowing the adaptive immunity to develop. To evaluate the efficiency of DNA vaccine immunization, we analyzed the number of CD207+ DCs in dLNs (the gating strategy is shown in online suppl. Fig. S2 ) after intradermal immunization with the pAra h 2 or PLL-pAra h 2 for 3 times at weekly intervals. We found that the relative numbers of CD207+ cells gated from CD11b+ cells in dLNs were increased in the PLL-pAra h 2, pAra h 2, or Ara h 2 groups ( Fig. 4 a, b) . The absolute numbers of CD11b+EGFP+ in dLNs were increased in the PLL-pAra h 2, pAra h 2, or Ara h 2 groups ( Fig. 4 c) . The PLL-pAra h 2 group showed higher percentages and absolute numbers than the pAra h 2 or the Ara h 2 group. Thus, immunization with pAra h 2 vaccine induced CD207+ DCs to migrate into dLNs, which was promoted by PLL modification.
Increased Treg Cell Induction in dLNs and Spleen by PLL-pAra h 2 Vaccine
Previous studies have demonstrated that Treg cells can confer significant protection against allergy by suppressing Th2 responses. We determined the relative number of CD4+CD25+Foxp3+ Treg cells in local mouse dLNs and spleen of all groups. The results showed that there were significantly increased relative numbers of Treg cells in the pAra h 2 and the PLL-pAra h 2 group compared with the PBS, PLL, or mock DNA control group in local dLNs ( Fig. 5 a, b) . Ara h 2 protein-immunized mice showed similar relative numbers of Treg cells as control groups. Moreover, the PLL-pAra h 2 group had a higher percent- ( Fig. 5 c) . These data indicated that peanut DNA vaccine induced the production of Treg cells and modification with PLL enhanced this effect.
PLL-pAra h 2 Induced More IFN-γ and IL-10 Production by Splenocytes
After immunization of BALB/c mice with PLL-pAra h 2 or pAra h 2, mouse splenocytes were prepared and cultured for 5 days with Ara h 2. Cytokines, including IL-4, IL-5, IL-10, IL-22, and IFN-γ, in the culture supernatants were examined by ELISA. There were significantly increased levels of IFN-γ ( Fig. 5 d) and IL-10 ( Fig. 5 e) in the culture from the pAra h 2 group compared with the PBS, PLL, mock DNA, or Ara h 2 groups. PLL-pAra h 2-treated mice exhibited even more production of IFN-γ and IL-10 than the pAra h 2 group. However, almost no IL-4, IL-5, or IL-22 could be detected, and there were no changes among different groups. 
Discussion
Peanut allergy, which affects around 1% of the population in western countries, is among the most severe food allergies and can cause life-threatening clinical manifestations, including death. In contrast to the expanding array of treatments available for inhalant and cutaneous allergic disorders, currently, the only available treatment for anaphylaxis following accidental ingestions is rapid self-administration of injectable epinephrine. Although oral immunotherapy has gained great success for the treatment of patients with food allergy in the past several years, for severe food allergy, oral immunotherapy is still very dangerous as trace amounts of peanut allergen would lead to anaphylaxis. Allergen-free DNA vaccine has been recognized as a promising alternative immunotherapy for severe food allergy because of its safety and efficacy. However, the major hurdle for these and all allergen gene vaccination approaches has been the poor efficiency of DNA transfer and subsequent gene expression in allergic disease models. In the present study, we used PLL to modify the peanut gene vaccine to enhance the efficiency of immunotherapy. The results showed that PLL modifications of DNA changed the polymerization status of the DNA, and intradermal injection with PLL-pAra h 2 prevented the development of allergen-specific IgG1, IgG2a, and total IgE after Ara h 2 protein sensitization more efficiently than pAra h 2, and inhibited the symptoms of peanut protein-induced anaphylaxis. Most importantly, intradermal injection with PLL-pAra h 2 resulted in better therapeutic effects than pAra h 2 on established peanut allergy, as evidenced by the decreased level of Ara h 2-specific antibodies. Immunization with PLL-pAra h 2 induced increased numbers of CD207+ DC, Treg cells and increased levels of IFN-γ and IL-10 production. Collectively, our study showed that pDNA pretreated with PLL had superior efficiency versus naked pDNA, and PLL modification could enhance the efficiency of peanut gene vaccination, providing a possible strategy for future clinical applications.
Among the many strategies tested to improve the potency of DNA vaccines, PLL is simple and efficient [26] . Polylysine is a biocompatible, nontoxic polyamino acid with a broad spectrum of usage [20] . PLLs with molecular weights of 15,000-30,000 were usually used in the study of DNA modification, as shorter-chain PLL was shown to have low binding efficiency with DNA [27] . PLL can condense elongated pDNA into uniform toroidal and rodshaped structures, and the average size of polyplexes was approximately 200 nm [27] . Previous studies demonstrated that Th1 responses could be induced when large vesicles were phagocytized by macrophages [28] , and pDNA complexes formed by PLL showed better effects in transfection than naked pDNA in vitro [29] . Several studies showed that injection of pDNA can induce substantial expression of protein in vivo and elicit immune responses against the protein expressed [9, 30] . The mechanisms that may explain how PLL improved the efficiency of DNA vaccine in vivo are described in the following. First, DNA condensation is an important factor in conferring nuclease resistance to DNA in polyplexes. Second, inclusion of DNA into polyplexes would enhance DNA binding to local cell membranes due to the cationic polyplexes and the negatively charged host cell membrane. Third, Ara h 2 would become an intracellular antigen that can be processed and presented on major histocompatibility class (MHC)-I molecules or both MHC-I and MHC-II molecules on APCs. Besides the efficacy, the safety of PLL has also been proven in rodents [31] . Thus, the current use of PLL in drug delivery shed light on the potential application of PLL as an optimal vehicle for DNA delivery.
Multiple mechanisms may be involved in DNA vaccination in allergic diseases. Shifting from a Th2-type response towards a Th1-biased response has been demonstrated in anti-allergy DNA vaccine studies [32] . Most of the previous articles showed exaggerated Th1 responses after allergen challenge in sensitized mice [14, 33] . In our experiment, there was a modest increase in the IFN-γ level after pAra h 2 or PLL-pAra h 2 vaccination. This result indicated that Th1 responses were induced and might counterbalance the subsequent allergen-induced sensitization.
The induction of Treg cells and IL-10 has been shown to play an important role in maintaining peripheral T-cell tolerance, which is essential for normal immune responses and successful immunotherapy of allergic disorders [32, 34, 35] . We found that there were increased relative numbers of CD4+CD25+FOXP3+ cells in both the dLNs and the spleen in PLL-pAra h 2-treated mice, which were much higher than those of pAra h 2-treated mice. There was also increased IL-10 secretion in splenocytes of PLLpAra h 2-treated mice. It is generally accepted that type 1 regulatory T (Tr1) cells play an essential role in the induction and maintenance of healthy immune responses to allergens. Actually, both Tr1 and CD4+CD25+FOXP3+ Tregs coexist and overlap in many immune tolerance-related situations, and the expression of the anti-inflammatory cytokine IL-10 can be induced by FOXP3 [36] . Increased proportion of either Tr1 or CD4+CD25+FOXP3+ Treg cells is associated with the restoration of tolerance [37] . In particular, IL-10 can be synthesized by activated and antigen-specific Treg and Breg cell populations. IL-10 directly inhibits T-cell activation through suppression of CD28-and ICOS-dependent T-cell costimulation [38] . In addition, IL-10 inhibits the production of proinflammatory cytokines, chemokines, and chemokine receptors as well as the expression of MHC-II and costimulatory molecules CD80 and CD86 on monocytes/macrophages and DCs. Thus, our results found that both CD4+CD25+FOXP3+ Treg cells and IL-10 were induced by PLL-modified gene vaccine, indicating that multiple mechanisms were involved in the induction of immune regulation by DNA vaccine.
In DNA vaccination, DCs initiate immune responses and play a central role in the priming and amplification of adaptive immune responses after DNA vaccination. In our study, intradermal injection of pAra h 2 resulted in increased numbers of CD207+ DCs in dLNs and PLL modification enhanced this effect. Blood-derived langerin+ DCs can be distinguished from migratory Langerhans cells and dermal langerin+ DCs by their low expression of CD207(EGFP) [39] . The uptake of PLL-pAra h 2 complexes by CD207+ DCs may promote the migration of CD207+ DCs to dLNs and induce more Treg cells and suppress peanut allergy. Altogether, the results presented here suggested that immunization with PLL-pAra h 2 promoted the migration of CD207+ DCs to dLNs and enhanced the production of Treg cells, IL-10, and induction of Th1 responses, to prevent or reverse Th2-type immune responses.
There were several limitations in our experiments. First, it is noteworthy that there are strain-dependent variations in the development of allergic responses among different mouse strains and the effect of DNA-based immunotherapy might be strain dependent and not universally effective in reversing IgE-mediated food hypersensitivity in human subjects [40] . Second, our peanut allergy model established in BALB/c mice is not through a physiological route of sensitization, and the usage of alum in the food allergy model is still in doubt because of its nonphysiological nature [41] . Furthermore, the recent expansion of the repertoire of therapeutic nucleic acids from classical DNA gene transfer constructs to many other gene expression and protein-modulating nucleic acids such as mRNA, miRNA, or siRNA is expected to generate an additional boost for further optimization of polymeric delivery systems.
